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UP Abstract. Since Robotics is the field concerned with the connection of perception
* to action, Artificial Intelligence must, have a central role in Robotics if'the connect ion

is to be intelligent. Artificial Intelligence addresses the crucial questions of: what
knowledge is required in any aspect of thinking; how that knowledge should be
represented; and how that knowledge should be used. Robotics challenges Al by
forcing it to deal with real objects in the real world. Techniques and representations
developed for purely cognitive problems, often in toy domains, do not necessarily
extend to meet the challenge. Robots combine mechanical effectors, sensors, and
computers. Al has made significant contributions to each component. W~e review Al
contributions to perception and object oriented reasoning. Object-oriented reasoning
includes reasoning about space, patti-planning, uncertainty, and compliance. We
conclude with three examples that illustrate the kinds of reasoning or problem
solving abilities we would like to endow robots with and that we believe are worthy
goals of both Robotics and Artificial Intelligence, being within reach of both;
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.I s po v i ie f' ar ini1 l i pe lic, I aoll .d -. ocs o ri a . .. .e. • . ., ,

tI luf wo'Nare of moderi. olerciall avalilable, robot s stvnis 1ichI as Ihe IlIi
* ~ 7,)6 ITaytor, Striiers. ;-idl Meyer 191s21. the t. ruriationi P'I.\1.\ NaV;1 SlO, S1l,11iia,11)
* et . al. 9N.11 , arid the iut oiua lix cyberv -Isbn l'raiktii ind \anidcrlriig 19S2. \iltersj

19821 Includes a wide variety of' furnctiouns: it pcrorrin tra jettory ' talculll Iol (t i-

kvinemati tranislat ion, int erprets sense (i'tha, exe'-utes adapti , e tol th rot rough
conditional execution aid real tirnie mon itors, interfacs to databases ' geoietric

models, and Supports program development. It does sonic of these tasks quite well,
particularly those that pertain to Tiputer Science; it does others quite poorly,
particularly perception, object nodellirng, and spatial reasoning.

The intellgent connection of perception to action replaces sensing by perception,

and software by intelligent software. Perception differs from sensing or classification
in that it implies the construction of representations that are the basis for
recognition, reasoning and action. Intelligent software addresses issues such as:
spatial reasoning, dealing with uncertainty, geometric reasoning, compliance, and
learning. Intelligence, including the ability to reason and learn about objects and
manufacturing processes, holds the key to more versatile robots.

Insofar as Robotics is the intelligent connection of perception to action, Artificial
Intelligence (Al) is the challenge for Robotics. On the other hand, however, we shall
argue that Robotics severely challenges Artificial Intelligence (Al) by forcing it to
deal with real objects in the real world. Techniques and representations developed
for purely cognitive problems often do not extend to meet the challenge.

First, we discuss the need for intelligent robots and we show why Robotics
poses severe challenges for Artificial Intelligence. Then we consider what is required
for robots to act on their environment. This is the domain of kinematics and
dynamics, control, innovative robot arms, multi-fingered hands, and mobile robots.
In section 5, we turn attention to intelligent software, focussing upon spatial
s ireasoning, dealing with uncertainty, geometric reasoning, and learning. In section
6, we discuss robot perception. Finally, in Section 7, we present sonic examples of
reasoning that connects perception to action, example reasoning that no robot is
currently capable of. We include it because it illustrates the reasoning and problem
solving abilities we would like to endow robots with and that we believe are worthy
goals of Robotics and Artificial Intelligence, being within reach of both.
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Rutt to control the robot's enrvironmrrent stilliceerik-, it 0s typpiially iiecvs. arv to erect
elaborae I ixt tirres. Often viirIle set- It PCost,. 1s.O listt;11 ed with[ d ri nrig aI i nstal Iling
fixtures ard (Jigs (1011naute thle cost of' a robot a ppliceationl. \\or.i'. ('iaborate
fixtu ring isoften niot I ransf'errable to a sitbsequ ent task, redU Itig d ie flexiblIitN'
and adaptability that are' sitpposedly the key ad vantages of* robots. Sensing is
one way to loosen up the environnitental reqluireients; 1)11 the Sensing systemns of
current industrial robots are mostly restricted to two-dimensional binary vision.
Industrial applications requiring compliance, such as assertibly, seam welding and
surface finishing, have clearly revealed the inabilities of current robots. Research
prototypes have explored the use of three-dimensional vision, force and proximity

sensors, and geometric models of objects [Faugeras 1982, Clocksin et. al. 1982,
rrevelvan, Kovesi, and Ong 1984, Nakagawa and Ninomiya 19841, Porter and Mundy
1982, 1984]. Other applications exposeC the limitations of robots even ninore clearly.
The environment cannot be controlled for mnost military applications, including

:2smart sentries, autonomous ordinance disposal, autonomous recovery of men and
materiel, and, perhaps most difficuilt of all, autonomous navigation.

3. Roboticspart of Artificialntelligence

Artificial Intelligence (Al) is the field that aims to understand how computers
can be made to exhibit intelligence. In any aspect of thinking, whether reasoning,
perception, or action, the crucial questions are:

0 What knowledge is needed. The knowledge needled for reasoning itt relatively
formalized and circuinscribed domains such as symnbolic inathcnnatics and game
playing is well known. 11 ighly comnpetent programns have been developed in such
domns. thaprvnemarkably dlifficult, to get experts to precisely articulate
their knowledge, and hence to develop programs with similar expertise, in medicine,

* evaluating prospective mnining sites, or configuring computers (see [Micliie 1979,
hlayes-Roth, NWaterman, and Lenat 1983, Winston 1983] for a dliscussion of expert
systemns, aind accouints of' the difficulty of teasing kntowledge out of experts). Among
the many severe inadeqitacies of tire current crop of expert svstenis, is the fact that
they usually have limnited contact with the real world. Humnan experts perf'orm the
necessary perceptual preprocessing, telling MYCIN for examnple thiat the patient is
"febrile O.S'. Moving fron the restricted dlomain of the expert., to the unrestricted
world of everyday experience, determnining what knowledge is needed is a1 major
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Robotics needis to deal withI the real wNorld, arnd( to dio thiis it iieeds detailed

geolietric models. P erception svsternis need toC prodluce gcomletric muodlels: reasoning

* systems mrust base their deliberations oni such muodels; and action systems rIecti
*to interpret thern. Comiputer-aide d tesign (CAD) has been concerned with highly

* restricted uses of geometric information, typically display and nurnierically-controlled
* cutting. Representations incorporated into current CAI) sytenns arc analogouis to

conventional data structures. In order to connect perception, through reasoning,
- to action, richer representations of geometry are needed. Steps toward such richer
- representations can be found in configuration space [Lozano-P)6ez 1981, 1983a],

generalized cones [Binford 1981], and visual shape representations [h1orn 1982,
Ikeuchi 1983, Brady 1984, Marr 1982].

*As well as geometry, Robotics needs to represent forces, causation, and

* uncertainty. We know how mucht force to apply to an object in an assembly to mate
- parts without wedging or jamming [Whitney 1983]. We know that pushing too hard

* on a surface can damage it; but that not pushing hard enough can be ineffective
for scribing, polishing, or fettling. In certain circumstances, we understand how
an object will move if we push it [Mason 1983]. We know that the magnitude and
direction of an applied force can be changed by pulleys, gears, levers, and cams.

We understand the way things such as zip fasteners, pencil sharpeners, and

automobile engines work. The spring in a watch stores energy, which is released to
a flywheel, causing it to rotate; this causes the hands of the watch to rotate by a

smaller amount determined by the ratios of the gear linkages. Representing such

knowledge is not simply a matter of developing the appropriate mathematical laws.
* Differential equations, for example, are a rep~resentation of' knowledge that, while

extremely useful, are still highly limited. Forhus [1983] points out that conventional

* mathematical representations do not encourage qualitative reasoning, instead, they

* invite numerical simulation. Though useful, this falls far short of the qualitative

reasoning that people are good at. Artificial Intelligence research on qualitative

reasoning and naive physics has made a promising start but has yet to make contact
with the real world, so the representations and reasoning processes it suggests have

.TT ~ barely been tested [hlobbs and Mloore 1981, Forbus 19831, Al Journal 1981l, lDeKleer
* 1975, Winston, Ilinford, Katz, and Lowry 19S,11.
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(ons~t ratift prop~oilart lot), 'Ind (llerlI~v(iett ftaioiililt). ()tuc .ijiptroach to
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19S3 Zukiir. flififnel. arid Iloserifeld 11977>. .'\ot her ti;i, becn (It.lopted by

lHrooks I~t 919S21 bujildiig oil carlier work lit I hiorefI proving. 'I'lic ;ijplieat loll of'

sca I-(IIt to Robot ics has. bee n deve loped by Colo( et 1. i.Y NI OZ,i falo-P I 'c r'N''
Gston and Lozarro-l t rez 11 982], Crimson ;ind iLoz-rO-P(crez I sl iid B rooks
'19831hj Struncture ma tchinlg in RIobot ics has been dlevelopedi by Wi inst on. H inford,
Katz, anti Lowry [1984].

Tro be intelligent, Robotics programs need to be ab~le to plan act ions and reason
about those plans. Surely At has developed the required planning technology?
Unfortunately, it seemis that moost, if not all, current proposAs for planning and

reasnin deeloped in Al require significant extension before they can bcgin to
tackle the problems that typically arise in Robotics, sonme of which are discussed in
Section 5. One reason for this is that reasoning and planning has becfn (developed

lreyin conjunction with purely cognitive representations, and these have mostly
been abstract and idealized. Proposals for knowledge representation hove rarely been
constrained by the need to support actions by a notoriously inexact inianipulator, or
to be produced by a perceptual system with no human preprocessing. ACRONYM
[Brooks 1981, Brooks and [linford 19801 is an exeption to this criticlisn. Another
reason is that to be useful for Robotics, a representation must be able to deal with
the vagaries of the real world, its geometry, inexactness, and riolse. Allt too often,
Al planning and reasoning systems have only been exercised on a handful of toy
examnples.

- . In summary, Robotics challenges Al by forcing it to deal with real objects
lin the real world. Techniques and representations developed for purely cognitive
problems, often in toy, donnains, do not necessarily extend to mneet the challenge.

4. Action

% In this sect ion, wve consider what is required for robots to act on their
environment. This is the subject of kinemnatics and dynamnics, cont rol, robot arms,
mnulIti- fingered hands, and locomnoting robots.

%1
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* ~~poweredi by' mot ors at t lie Joinit"' btween liniks. .\s oatcdtf\ %Oif 111 (iii are

(tilfitit cs that tiefine its plositioni, \'Iocit\y *atcceleration. anid tor(UC'. 1[or a rot arv
mlotor, these are angilar positionis, angular veclocit Its etc. It is Iliost t'ffitienit to

conlt rol robots In int si /1cC. II owe' 'r , programmiliers prefer to thin k of' post ollS

tsing ortlhogonal, t'vlindricail. or spherical ( (rb/esian coordinate Frames, according

othe task. Six degrees of freedioml (DOI1" ar 'euired to titi le Ifthe po.-i tiol anid

orientation of' alt object Ii space ('or respondIingly , inanyi robuot s ia v six .Joint

mot ors It) ac h eve t hese Freedom ons. (Con vert Irtg bet weet th e Jo In t posi IIons, \'eloc it Ces,

arid accelerations anid the (Cartesian (task) counterparts is thle Job of' kinemnatics.

Thle conversion is anl identity transformation between thle joint space of "Cartesian"
arms (such as the IB.M 7565) and orthogonal (x, y, z) Cartesian space. Cartesian
armns suffer the disadvantage of being less able to reach around and into objects.

Kinematic transformations are still needed to spherical or cylindrical Cartesian
coordinates.

The kinematics of a mechanical device are defined mathematically. The
requirement that the kinematics can be efficiently computed adds constraint,

,~ that ultimately affects mechanical design. Ini general, the transformation from joint
coordinates to Cartesian coordinates is straightforward. Various efficient algorithms

.* ~*.have been developed, including recent recursive schemes whose time complexity is
* linear in the number of joints. Ilollerbach [1983] dliscusses such recursive methods for
% computing the kinematics for both the Lagrange and Newton-Euler formulations

coordinates, is often more complex. In general, it does not have a closed form

solution [Pieper 1968]. Pieper [1968, see also Pieper and Roth 1969] showed that
a "spherical" wrist with three intersecting axes of rotation leads to an exact

k analytic solution to the inverse kinematic equations. The spherical wrist allows a

decomposition of the typical six degree of freedom inverse kinematics into two three
degree of freedom computations, one to compute the position of thle wrist, the other
to compute the orientation of the hand. More recently, Paul [1981], Paul, Stevenson,
and Renaud [1984], Featherstone [1983], and 1lollerbach arid Sahar [1983], have
developed efficient techniques for computing the inverse kintemnatics for spherical
wrists. Orin and Schrader [19841] have investigated algorithms for computing the
Jacobian of the kinematic transformation that are suited to VLSI implementation.

If the number of robot joints is equal to six, there are singularities in the
kinematics, that is, ,a small change in Cartesian configuration corresponds to a large
change in joint configuration. The singularities of six degree- of-freedom industrial
robot arms are well cataloged. Singularities can be avoided by increasing the

.- ~ 'K'. number n of joints, but then there are infinitely many' solutions to the inverse

kinemratics computation. One approach is to use a generalized inverse technique
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formulations of the dynamic eqJuations have been developed that:

1. Comute th kineatics from the shoulder to the hand In time prprtoa

to 7L,

2. Comnput e the inverse (lvn :lnnics from the force and torque exerted on the hand

byIs te world fromt the hand to the shtouilder, again iniL tilec prop~ortinonal to n.

Thie importance of this result is thireefold:

. Ii rst, it suggests thitat ai mlore accurate Iniverse plaint itlodel ca;n he developed,
leadI ig I o fastecr, more alcc uira Ie armns. Frict Ion is a major sou rce ol' tie dlV'ierpanicy

- his w,,-cn muodel andi real world. D~irect drive !( chliology ';\adai aid IKanaide 1981,

A~idi I IJ2. A .lda and '(is( F ouit 19S-tt redlnces the tnissnat cl. In a direct drive
arm.t a mnotror i'. directly connected to a Joint, with no intervening tratsinission
e leni en Is, unchI as gen lrs, chaoinms, or ball sc re ws. TIhe a(I a it ages are that friction
anid backlash are low, so tile direct drive Joint is bmckilrixale. This ineans that it
canl be cont rolled using torque iteta( of po'.it tor. Torqule 'onitrol n , Imuportatnt for
achievinfr cotopliatu-c. andl for fec(dforward (fvilalics ('ollpetllat lOnt
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-1.2. Control

Muich of control theory has deveClopedl for slowly cha iginig, nearly rii , steniis.

The challenges of robot control are several:

* Comnpiex dynaznicrs. The dynamics of open-link kincitatic chain robots conisist
of n coupled second-order partial differential equations, where n is thre rnmber of
links. They become even more complex for a closed mnrlti-miatipulator syste suc
as a tnulti-fingered robot hand or locomnoting robot.

0 Artcuae structure. The links of a robot arm are cascaded and the dynamics

*and inertias depend on the configuration.

0 Di'sconti'nuous change. The parameters that are to be controlled change
* discontinuously when, as often happens, the robot picks an object up.

* Range of moti'ons. To a first approximation one can identify several different
kinds of robot motion: free space or gross motions, between places where w-ork is
to be done; approach motions (guarded moves) to a surface; and compliant moves
along a constraint surface. Elach of these different kinds of motion poses different
control problems.

The majority of industrial robot controllers are open-loop. However, mrany control
dlesigns have been investigated in Robotics; representative samples are to be
found in [Brady et. al. 1983, Paul 1981, Brady and Paul 198.1]. They include
optimal controllers [Kahn and Roth 1971, Dubowsky 19S31; model reference control
[Dubowsky and dles Forges 19791:; sliding mode control iYoung 1978 (in l3rady et. al.
1983)]; non-linear control [F'reund 1981, 198 1]; hierarchical control [Salisbury and
Craig 19811; distributed control [Klein and] Wahawisari, 1982'1; hybrid force-position
control [Raibert and Craig 1981 (reproduced in Brady et. al. 1983), Klein Olson,
arid Pugh 1983]; and integrated system control [Albus 1983]. Cannon arid Schmitz
11981] have investigated the precise control of flexible manipulators.

4.3. End effectors

Industrial uses of robots typically involve a multi-purpose robot armn arnd an end
* effector that is specialized to a particular application. E-nd effec tors normally
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Figure i. rhe three-fingered Robot hand developed by Salisbury and Craig [19811. Each finger
has three degrees or freedom, and is ptilied by foujr tend~onls. The hi erarch ical controller includes
three finger controllers, each of which consmists of' fouir I'll) controllers, one per tcnd~oII. Reproduiced

Sfro [Salisbury 19821

* -The goal was to design a hand that could impress an arbitrary (vector) force in
an arbitrary position of the hand's workspace. Four of the parameters dlefining the
placement of the thumb were determined by solving a series of one-dimensional

* nonlinear programming problems. A hierarchical controller was designed: PID
controllers for each tendon; four such for each finger; and three such for the hand.
To date, position and force controllers have been implemented for the individual
fingers. A force sensing palm has recently been developed [Salisbury 1984]. It can
determine certain attributes of contact geometries. The force sensing fingertips
being developed for the hand will permit accurate sensing of contact locations and
surface orientations. This information is likely to be useful in object recognition
strategies and in improving the sensing and control of contact forces.

The Center for Biomedical Design at the University of Utah and the MIT Artificial
0 Intelligence Laboratory are developing a tendon-operated, multiple DOI- robot hand

with niulti-channel touch sensing. The hand that is currently being built consists
of three 4 DOF fingers, a 4 l)OF thuimb, and a 3 DOF wrist (total 19 I)OF). Three
fingers suffice for static stable grasp. The Utah-MIT design incorporated a fourth
finger to minimize reliance on friction and to increase flexibility in grasping tasks.
The hand features novel tendon material and tendon routing geometry (Figure 2).
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tendon routing b. Te material composition o tendons. (leproduced from Jacohmesn i. al 1984,
Figures 2b and 7])

er4.4. Mobile robots

eCertain tasks are difficult or impossible to perform in the workspace of a static
robot arm [Giralt 1984. In large scale assembly industries, such as shipyards or
automobile assembly lines, it is common to find parts being transferred along

gantries that consist of one or more degrees of linear freedom. Correspondingly,
there have been several instances of robot arms being mounted on rails to extend

their workspace. The rail physically constrains the motion of the robot. More

generally, the robot can be programmed to follow a path by locally sensing it.
Magnetic strips, and black strips sensed by infra-red sensing linear arrays, have

been used, for example in the Fiat plant in Turin, Italy.

More ambitious projects have used (non-local) vision and range data for autonomous

navigation. Space and military applications require considerable autonomy for

navigation, planning, and perception. Mobile robots are complex systems that

incorporate perceptual, navigation, and planning subsystems. Shakey [Nilssoni

1969] was one of the earliest mobile robots, and certainly one of the most ambitious

system integration efforts of its time. Later work on mobile robots includes [Dobrotin

and Lewis 1975, Giralt, Sobek, and Chatila 1977, Giralt, Chatila, and Vaisset 1984,
Lewis and Johnson 1977, Lewis and Bejczy 1973, Harmon 1983a, 1983b, Everett
1982, Moravec 1981, 1983, 19841.
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Figure 4. The qujadruped robot Iuilt by Ilirose, U~nctani, anid colleaguies at Tokyo Inistitute of
Technology. The robot can walk upstairs, anid can miove rorwLrd in a crab gait. (Reproduced
from Illirose rt. at. 1984, photo 11)

[1984] and Ozguner, Tsai, and McGhee [1984] analyze the constraint of balance,
and use sensors in their choice of foot placement.

Miura and Shimoyama [1984] and Raibert et. al. [1982, 1984] discuss the dynamic
requirements of balance. Miura and Shimoyama reports a series of biped walking
machines. The first of these, BIPER-3 (Figure 5) has stilt-like legs, with no ankle
joint, and resembles a novice nordic skier in its gait. BIPER-3 falls if both feet
keep contact with the surface; so it must continue to step if it is to maintain
its balance. An ambitious development, [IIPER-4, shown in Figure 6, has knee
and ankle joints. Stable walking of I3IPER-4 has recently been demonstrated.
Raibert considers balance for a three-dimensional hopping machine (Figure 7). He
suggests that balance can be achieved by a planar (two-dimensional) controller plus
extra-planar compensation. His work suggests that gait may not be as central to
the theory of locomotion as has been supposed. Instead, it may be a side-effect of
achieving balance with coupled oscillatory systems. Raibert [1984] has organized a
collection of papers on legged robots that is representative of the state of the art.

5. Reason ingabout obj ectsan d space

5.1. Task-level robot programming languages

Earlier, we listed some of the software features of modern, commercially available
robot systems: they perform trajectory calculation and kinematic translation,

* interpret sense data, execute adaptive control through conditional execution and
real time monitors, interface to databases of geometric models, and support program
development. Despite these features, robot programming is tedious, mostly because

12
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F.igure 5. The IllI'EI-3 walkinug robot ho It by NIitira and Sh nmoyarrla ait Tokyo I, ivvrsity . Se
text ror detailIs. (Re(produced froiri !Mitura mid Yr irrioyarria 19~8-1, F-igure 11)

Figure 6. The 11II'FR-4 walking robot iinder (Ieveloprtnent at Tokyo Ulniversity. IIIPEII.4 has a
hip, knee, and ankle joints on each leg. (Reproduiced froin rMiuira and Shirnoyamna 1984, Figuire
1 4])

. 9.1in currently available programming languages the position and orientation of objects,
and subobjects of objects, have to be specified exactly in painful detail. "Procedures"
in current robot programming languages can rarely evcn be parameterized, due to

* . physical assumptions made in the procedure design. Lozano-P6rez [1983b, 1983c]
calls such programming languages robot level.

Lozano-P~rez [1983, page 839] suggests that "existing and proposed robot
programming systems fall into three broad categories: gui'ding systems in which the

% ~ user leads a robot through the motions to be perfrTmedl, robot-level programming

'3
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Figure 7. Thc hopping machine developed by Raibert and his colleagues at Carnegie Mellon
University. (Reproduced from [Raibert et. al. 1984, Figure 16 )

systems in which the user writes a computer program specifying motion and
sensing, and task-level programming systems in which the user specifies operations
by their desired effect on objects." Languages such as VAL 11 [Shimano, Geschke,
and Spaulding 19841 and AML [Taylor, Summers, and Meyer 1982] are considered
robot-level.

One of the earliest task-level robot programming language designs was
AUTOPASS [Liebermann and Wesley 1977]. The (unfinished) implementation
focussed upon planning collision-free paths among polyhedral objects. The emphasis
of RAPT [Ambler and Popplestone 1975, Popplestone, Ambler, and Bellos 19801
has been on the specification of geometric goals and relational descriptions of
objects. The implementation of RAPT is based upon equation solving and constraint
propagation. Other approximations to task-level languages include I ADL [Requicha
19801, IBMsolid [Wesley et. al. 19801, and LAMA [Lozano-Prez 1976]. Lozano-Pirez
11983c] discusses spatial reasoning and presents an example of the use of RAPT.

" "In the next section we discuss Brooks' work on uncertainty, several approaches
to reasoning about space and avoiding obstacles, and synthesizing compliant
programs.
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'-'" """" ('on h tie iprob~ ~l ulemc( iim l" i-_, c( ... robot! hi.-, t1w n Iproor;irnmitcd to

put a screw iII a hole. \W ill Ot progr;1 sli ttc'd" l'F uh ol i thr .i c iiii - , i
of the robot is sujlicj t to siAlI errors. V hich produce crror, iHi the lpiition .trld
orieti tioi t h Ie liigir I ip , a cordiig to the .iico iin ol'fthc kiicitit1., iiic oM.
The pos n i di(I orientat ion of' the s(-r(, (Iriver ii th fig., g r. i siilj.ei to sli gh
error, as is tile screw, box, and the fid on the box. lhese errors. \%e \wi cll Ithill
Iihe basc error,, are Independeit of hl pl'irteuhi;r task to Ibe lwrloried. Tbhiev add
*). Tl I-or 1J7f] assi iitd partic htlar niui ricil bounds lor the %ailuc of' thI lit e
errors. and use(d linear prograltinining to boun(d t e error in the phitciiient of the
screw relative to the hole.

lrooks 11912 worked with explicit svmbolic (trigonoinetric) exprv,sionis ihat

define the error in the placemtent of' die screw relative to the hole. lie applied the
expression bounding program developed for the ACIONYM project [lrooks 19811
to the base error bounds used by Taylor to deduce bounds for the errors in the
placement of the screw relative to the hole. The bounds lie obtained were not as
tight as those obtained by Taylor, but were nearly so.

Brooks' approach had a substantial advantage over Taylor, however, and it is
paradigmatic of the AT approach. The expression bounding program can be applied
with equal facility to the symbolic expression for the error and the desired size of
the screw hole (the specifications of the insertion task). The result is a bound on the
only free variable of the problem, the length of the screwdriver. The lesson is that
it is possible to apply Al techniques to reason in the face of uncertainty. In further
work, Brooks 11982] has shown how sensing might be modeled using uncertainties
to automatically determine when to splice a sensing step into a plan to cause it to
succeed.

5.3. Reasoning about space and avoiding objects

Robot-level programming languages require the programmer to state, for example,
that the robot is to move the block D, whose configuration (position and orientation)
Rs is to be moved to the configuration RG;. To ensure the robot does not crash into
obstacles, the usual practice in robot level languages is to specify a sufficient number
of via points (Figure 9) (see [Brady 1983c]). In a task oriented language, one merely
says something like "put B in the vise". It follows that a crucial component of
implementing a task oriented programming language is automatically determining
safe paths between configurations in the presence of obstacles. This turns out to
be an extremely hard problem.

Lozano-Pfrez (1983a] introduced a representation called C-space that consists
of the safe configurations of a moving object. For an single object moving with 6
degrees of freedom (eg., 3 translational and 3 rotational degrees of freedom), the
dimensionality of the C-space is six. If there are m such objects, each of which
can move, the dimensionality of C-space is im. For example, for the coordinated

".- ," motion of two 3D objects, C-space is twelve dimensional. In practice one can deal

with "slices", projections onto lower dimensional subspaces.
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Figure g. Point P,, P2, and P3 are 4pecified i-s via points to coax the robot through the narrow
gap separating the two obstacles shown. (lReproduced fromr [I rady 1 983c, Figure 2a])

the C-space approach. It works by alternately keeping the heading of an object
fixed and rotating in place to alter the heading. Recently, Brooks and Lozano-Prez
[19831 reported an algorithm capable of moving a reorientable polygon through

NN two-dimensional space littered with polygons. This algorithm can find any path of
interest for the two-dimensional problem. Figure 10 shows an example path found
by Brooks and Lozano-Prez's program. Their attempts to extend the method to
three dimensions "were frustrated by the increased complexity for three dimensional
rotations relative to that of rotations in two dimensions" [Brooks 1983b, p7).

Brooks [1983a] suggested that free space be represented by overlapping
generalized cones that correspond to freeways or channels. Figure 11 shows some
of the generalized cones generated by two obstacles and the boundary of the
workspace. The key point about the representation was that the left and right
radius functions defining a freeway could be inverted easily. Given a freeway,
and the radius function of a moving convex object, he was able to determine the
legal range of orientations that ensure no collisions as the object is swept down
the freeway. Brooks' algorithm is highly efficient, and works well in relatively
uncluttered space, but it occasionally fails to find a safe path when it is necessary
to maneuver in tight spaces. Recently, Donald [1983] has proposed a novel channel

' .. based technique.
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Finally, Brooks [19831)l h;is developed an algorithin that I Cobe heC-pc

and freeway approaches to firtil paths for pick andI place and insert ion tasks for
a P1"MA. Pick and place tits s are lefined as four degree of freedom tasks in

which the only reorientationrs permitted are about the ver!tical, and in which the

found path is cornposedc of horizowial and vertical straight lines. Figure 12 shows
kan example path found by Brooks algorithm.

Brooks freezes joint .1 of' the PU MA. The algorithmi subdivides free space to

find (i) freeways for tt hand and paV10311 itSV eibly, (ii) freewvays for the uipper
a rm suibassembhly (joi nit, I 1 arid '2 ol' the III.\IA); (ii1) searchles for the pay load and
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complexity estimates. For example, Schwartz and Sharir [1983] suggest a method
whose complexity for r DOF is n2". For example, for two moving objects, the

complexity is n °  Their algorithm is not implemented. Donald [1984] presents

the first implemented, representation- coinplete, searchI- complete algorithm (at a

given resolution) for the classical Movers' problem for Cartesian manipulators.

There has been a great deal of theoretical interest in the findpath problem by
".-researchers in coinpu tational complexity and comput tional geometry. Schwartz

and Sharir [19831, and llop,roft, Schwartz, and Sharir 119l,431, are representative.
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Figure 13. The .shecp shcaring roboi developed by Trevelyan and his colleagues at the
'University of Wvslern Australia. Sheep naturally lies quite still while it is being sheared; indeed

it often falls a.leep. (lReproduced from rFrevelyan, Kovesi, and Ong 198.1, figure I])

1976]. Active compliance is a general purpose technique; but is typically slow
compared to passive compliance.

Mason [1981] suggested that the (fixed number of) available degrees of freedom
of a task could be divided into two subsets, spanning orthogonal subspaces. The
subspaces correspond one-one with the natural constraints determined by the
physics of the task, and the artificial constraints determined by the particular
task. See [Mason 19S3] for details and examples. For example, in screwdriving,
a screwdriver cannot penetrate the screw. giving a natural constraint; successful

4 screwdriving requires that the screwdriver blade be kept. in the screw slot, an
artificial constraint. [{aibert and Craig [1983] refined and implemented Mason's
model as a hybrid force-position controller. Raibert and Craig's work embodies the
extremes of stiffness control in that the programmner chooses which axes should
be controlled with infinite stiffness (using position control with an integral term)and which should be controlled Awith zero stiffness (to which a bias force is added).

Salisbury [1980i] suggests an intermedlate ground that he calls "active stiffness
control".

L 421
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u rcertai ntv, iriessing soIc of' t he issues iit dlept11 ' orlipiutar Iil, aid li iitig the
visual context of all object. ..\ppropriMi lighting can ;\ oind s l .s, light ti ping

anild laser range finding ca;n produtce p rtal dleptih maps, ;ind techriiquil e .riuch as

photorietric stereo [\Voodhai 198I, cian exploit control over lightirg. )n tle other
hiai . edge finding is rio less difficult in indtistr:al images, texture is Juist as hard,

arid the bin of parts is t tough nut for stereo. Motion tracking on a dirty conveyor

belt is as hard as any other tracking prob len. Represetting the shape of complex

geometric parts is as dilicut as any representational problem in computer vision

- augeras et. al. 1983, 198.1, Brady and Asada 1984, Bolles et. (11. 198.1]. Existing

.. commercial robot vision systems carry out simple inspection and parts acquisition.

There are. however, many inspection, acquisition, and handling tasks, routinely

performed by humans, that exceed the abilities of current computer vision and

tactile sensing research.

The quality of sensors is increasing rapidly, especially as designs incorporate

VLSI. The interpretation of sensory data, especially vision, has significantly

improved over the past decade. Sensory data interpretation is computer intensive,

('I" requiring billions of cycles. However, much of the computer intensive early processing

naturally calls for local parallel processing, and is well suited to implementation on

special purpose VLSI hardware [Brady 1983a, Raibert and Tanner 1982].

6.2. Contact sensing

Contact sensing is preferred when a robot is about to be, or is, in contact

with some object or surface. In such cases, objects are often occluded, even when

a non-contact sensor is mounted on a hand. An exception to this is cam welding

[Clocksin et. al. 1982]. The main motivation for force sensing is not, however, to

overcome occlusion, but to achieve compliant assembly. Force sensors have improved

considerably over the past two or three years. Typical sensitivities range from a

half ounce to ten pounds. Most work on force trajectories has been application

specific (eg peg-in-hole insertion). Current research, aimed at. developing general

techniques for interpreting force data and synthesizing compliant, programs, were

,0. discussed in the previous section. Kanade and Sommer [1981] and Okada [1982]
report proximity sensors.

Touch sensing is currently the subject of intensive research. Manufacturing
engineers consider tactile sensing to be of vital importance in automating ,assembly
[tlarmon 1982, 1984]. Unfortunately, current tactile sensors leave much to be

desired. They are prone to wear and tear, have poor hysteresis, and low dynamic

range. Industrially available tactile sensors typically have a spatial resolution of

:*: only about 8 points per inch. Tactile sensors are as poor as TV cameras were in
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F"igure 14. Somici f!Tac ilc en sngcs frorri thne ilisM snsor. (IRcrrduced froni [ilillis I 9N2,
I ignirt 6i )

the 1960s, the anialogy being that they are seriously hamipering the development of
tactle interpretation algorithms.

Several laboratory demonstrations point theP wav to future sensors. H-illis [19821
devised a tactile sensor consisting of an anisotropic silicon conducting material
whose lines of conduct ion were orthogonal to the wires of a printed circuit board
an(I which were separated by a thin spacer. Figure 14 shows some example touch
imiages generated1 by lilllis tactile sensor for four smnall fasteners. The sensor had
a spa.ial resolution oF 256 points per square rev tirecr. Raibert and Tanner [1982]

11 OZ(developed a VLSI tactlie sensor that incorporated edge detection processing on
the cbip (Figure V-5). Tlhis (pot entially) sign ifcanfly reduces the, bandwidth of
corn rn u iicat ion bet wecrn the sensor and the host (ornpul er. Recently, I lackwood

J6 and Heni ir1 9S31 hay' developed a tactile sensor using magnevto-restrictive materials
that appears to be able to compute shear forces.

Little progress has beeD nmade in the developmenrt of tactile object recognition.-
algorithmrs. I lillis bu ilt, a sim ple pat tern recognition prograr muIat could recognize
a variet v of tavt efvr. Gaston and Lozano-Pl'rcz [I 983 hive built a program
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Figure 15. Architcctuce of tlie VLSI tactile sersor dleIotMd by II ;uberl and Tanner. A
layer or pres.llr -MetsiLiv rubber is placed in contac t h % a VISI waler. M italiatiii oi the
U riace ol" Ilhe wafer forms large scrsing electrodes ihat , ake Coi i.mct ks ith tti' ;re.ure-.erit ive

rubber through holcs in a prot.ectivc I:lyer of Si( 2 , tli overglass. (lReproduced from [ltaibert and

Ta clier 1982, Vigure l)

that constructs an interpretation tree for a class of two-dimensional objects. The
program assumes that there are n discrete sensors, at each of which the position

.- rand an approximate measure of the surface orientation is known. They show how
two constraints, a distance constraint and a constraint on the normal directions
at successive touch points, can substantially cut down the number of possible
grasped object configurations. Grimson and Lozano-P6rez [1983] have extended tf-
analysis to three dimensions. Faugeras and Hebert [1983] have developed a similar
three-dimensional recognition and positioning algorithm using geometric matching
between primitive surfaccs. Bajcsy [1984] has investigated the use of two tactile
sensors to determine the hardness and texture of surfaces.

6.3. Non-contact sensing

Non-contact sensing is important for a variety of applications in manufacturing.
These include:

* Inspection. Most current industrial inspection uses binary two-dimensional
images. Only recently have grey level systems become commercially available.
No commercial system currently offers an modern edge detection system. Two

* dimensional inspection is appropriate for staniped or rotationally symmetric parts.
". Some experimental prototypes [Porter and Mundy 1982, Faugeras et. al. 1983]

inspect surfaces such as engine mountings and airfoil blades.

. parts acquisition. Parts may be acquired from conveyor belts, from palettes,
or from bins. Non-contact sensing means that the position of parts may not be
accurately specified. Parts may have to be sorted if there is a possibility of more
than one type being present.
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E'trly vision processes iclude edge idI( region finding, texture arialvsi, , anrd
rnot ion cornpu tat ion. All these operi tons are well sitilted to localI pa rallel processing.
D~evelopmients in edge finrding in clutde the work of \Iarr anrd II ild ret h '19N)0, I laral ick

1982]. and Canny [1983]. lDevelopmenits in grouip Ing I nclude the work of Lowe and
lDinford [1983]. lijldreth [i9831 has d1evelopedl a "NSyCtem for conipiuting diirectional
selectivity of motion using the Marr-lildreth edge finder. Horn an(1 Schunick [1981]
and Schunck [19831 have shown how to compute the optic flow field from brightness

- . patterns. (Bruss and Horn [1983] have developed an analysis of how the flow field
canl be used in passive navigation.) Brady [1983b. Brady 1983d, Brady and Asada
1984] has developed a new techniquie for representing two-dimensional shape, and
has applied it to inspection.

The major breakthrough in vision over the past (decade has been thle development
of three dimensional vision systems. These are usuially referred to as "Shape from"
processes. Examples include: shape from stereo [Crimson 1981, 13kr n, ~ ifr
1981, Binford 1984, Nishiihara arid Pogglo 1984], shape from shading [Ikeuchi and
ilorn 1983], shape fromt contour [Witkin 1981, Brady arid Yuille 1983], arid shape
from structured light [Porter and Mundy 1982, Faugeras 1983, Clocksin et. al.
1983, Bolles, Iloraud, and Hannah 1984, Tsuji 1984].

Most of these "shape from" processes produce partial depth maps. Recently,
fast techniques for interpolating full depth maps have been developed [Terzopoulos
1982, 19S3]. A current area of intense investigation is the representation of surfaces

Faugecras, 1l6hert, arid Plice 1984, Shirai et. al. 1984, Iketich anid Horn 1983,
Brady and~ Yuille 198,1]. Finally, recent work by B~rooks 11981] dliscusses object
rcprescnitatiori and the interaction between knowledge guided and data driven
processing.

7. Reasoningthat con nectspercepti onto action

This finial section is speculative. It presents three examples of reasoning and
problerm solving that weare striving to make robots capable of. The aim is to
illuistrate the kinds of things we would like a robot to know, and the way in which
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Figure 16. What is this tool, and what is it for?

that knowledge might be used. The knowledge that is involved concerns geometry,
forces, process, space, and shape. The examples involve tools. They concern the

interplay between the use or recognition of a tool and constraints on the use of
tools. Reasoning between structure and function is particularly direct in the case
of tools. Shape variations, though large (there are tens of kinds of hamimer), are
lessened by the fact that tools are rarely fussily adorned, since such adornments
would get in the way of using the tool.

7.1. What is that tool for?

What is the tool illustrated in Figure 16, and how is it to be used? We

(reasonably) suppose that a vision program [Brady and Asada 1984, Brady 19841

computes a description of the object that, based on the smoothed local symmetry

axis, partially matches a crank. The model for a crank indicates that it is used by

fixing the end P onto some object 0, and rotating the object 0 about the symmetry

axis at P by grasping the crank at the other end Q and rotating in a circle whose

radius is the length of the horizontal arm of the crank. Further investigation of the

crank model tells us that it is used for increasing the moment arm and hence the

torque applied to the object 0. We surmise that the tool is to be used for increasing

torque on an object 0. We have now decided (almost) how the tool is to be used,

@4 and we have a hypothesis about its purpose. The hypothesis is wrong.

The one thing that we do not yet know about how to use the tool is how to fix

it at P to the object at 0. There are many possibilities, the default being perhaps

* .a socket connector for a nut (as for example on a tire lever). Closer inspection

of the description computed by our vision program shows that the ends of the

crank are screwdriver blades, set orthogonal to each other. Only screwdrivers

(in our experience) have such blades. Apart from the blade, the tool bears some

resemblance to a standard screwdriver, which also has a handle and a shaft. In
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the standard screwdriver, however, te axes of the shaft and hdIile are collinear.
""*" Ividently, the tool is a special purpose screwdriver, since only screwdrivers have
" such blades.

Tools have the shape that they do in order to solve sonic problem that is (dillicu It
or inmpossible to solve with Imore generally userul forins. So why the (rank shlape?
What problem is being solved that could not be solved with a more conventional

screwdriver? Here are some screwdriver-specific instances of general problems that
arise using tools:

. Parts interface bug. A part does not match the part to which it is being
applied or fastened. For example, a wrench might be too small to span a nut; a
sledgehammer is inappropriate for driving a tack. The screwdriver head may not
match the screw (one might be Philips type). There is no evidence for this bug in
Figure 16 because the fastener is not shown.

* Restricted rotary motion bug. A tool that is operated by turning it about some
axis has encountered an obstruction that prevents it turning further. This bug
occurs frequently in using wrenches. A socket wrench solves it by engaging a gear
to turn the wrench in one direction, disengaging the gear to rotate in the other.
How is it solved more generally? There is an analogous restricted linear motion bug.
Think of an example! (one is given at the end of the section.)

* Restricted access bug. As anyone owning a particular (expensive) kind of British
car knows only too well, often the hardest part of using a tool is mating it to
the corresponding part. Many tools have an axis along, or about, which they are
applied. The most common version of the restricted access bug is when the axis is
too long to fit into the available space. In the case of screwdriving, this occurs when
the screwdriver is restricted vertically above the screw. A short, stubby screwdriver
is the usual solution to this problem.

Can the crank-screwdriver also overcome restricted access bugs? Of course.
The geometric form of the crank-screwdriver is necessary to solve this restricted
workspace problem, rather than being a torque magnifier as initially hypothesized.
In fact, the tool is called an offset screwdriver. Figure 17 illustrates its use.

Since I first presented this example, another solution to the restricted access
bug has been brought to my attention. Figure 18 shows a screwdriver whose shaft
can bend about any axis orthogonal to it.

Why are the blades of an offset screwdriver set orthogonal to one another?
*'. Put differently, what bug do they help overcome? What would you need to know

in order to figure it out?

No program is currently capable of the reasoning sketched above. Pieces of
•. the required technology are available, admittedly in preliminary form, and there is

cause for optimism that they could be made to work together appropriately. First,
vision programs exist that can almost generate the necessary shape descriptions

0. and model matching [Brady and Asada 1984, Brady 1984]. There is considerable
interplay between form and function in the reasoning, and this has been initially
explored by Winston, Binford, and their colleagues, combining the ACRONYM
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Figure 17. An offset screwdriver overcomes the restricted access bug

* Figure 18. A flexible screwdriver for solving restricted access bugs
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Figure 19. a. An auwymmetric wrench. b. How to use a wrench.

system of shape description and Winston's analogy program [Winston, Binford,
Katz, and Lowry 19821. To figure out that the crucial thing about the form is its
ability to overcome a restriction in the workspace, it is necessary to be able to
reason about space and the swept volumes of objects. This is the contribution of
Lozano-P~rez 11981, 1983], Brooks [1983b], and Lozano-P6rez, Mason, and Taylor
[1983). Forbus 11983) is developing a theory of processes, a system that can reason
about physical processes like water flow, heat, and springs. This builds upon earlier
work by DeKleer [1975] and Bundy [1979].

Answer to the problem: An example of a restricted linear motion bug: Trying to
strike a nail with a hammer when there is insufficient space to swing the hammer.

7.2. Why are wrenches asymetric?

Figure 19a shows a standard (open-jawed) wrench. Why is it asymmetric? To
understand this question, it is necessary to understand how it would most likely be
judged asymmetric. This involves finding the head and handle [Brady and Asada
1984], assigning a "natural" coordinate frame to each [Brady 1982, 19841, and
realizing that they do not line up. Since the handle is significantly longer that the
head, it establishes a frame for the whole shape, so it is the head that is judged
asymmetric about the handle frame.

Now that we at least understand the question, can we answer it? We are
encouraged to relate a question of form to one of function. What is a wrench for,
and how is it used? It is used as shown in Figure 19b: the head is placed against a
nut; the handle is grasped and moved normal to its length; if the diameter of the
nut and the opening of the jaws of the wrench match, the nut (assumed fixed) will
cause the handle to rotate about the nut. Nowhere is mention made of asymmetry.
Surely, a symmetric wrench would be easier to manufacture. Surely, a symmetric
wrench would be equally good at turning nuts. Or would it?
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7.3. Hlow to disconnect a battery

'rhe final example in this scction concerns a familiar Al technique: debugging
aflmost right" plans. A battery is to be disconnected. The geometry of the terminal

is shown in Figure 20a. A plan, devised previously, uses two socket wrenches, one
acting as an adaptable fixture, the other to turn the bolt. The socket wrenches are
applied along their axes, which coincide with the axes of the nut and bolt.

A new model of the battery-laden device is delivered. The plan will no longer *
work because there is an obstacle to the left of the head of the nut, restricting
travel of the socket wrench along its axis. Using something akin to dependency
directed reasoning, truth maintenance, or a similar technique for recording the
causal connections in a chain of reasoning, we seek a method for adapting our
almost-right plan to the new circumstance. There are a variety of techniques, one
of which was illustrated in the offset screwdriver. That suggests bending a tool so
that torque can be applied by pushing on a lever. In fact, socket wrenches have
this feature built-in, so the problem was easy.

Unfortunately, the fix did not work. Figure 20b shows why. The new model
has insufficient clearance for a socket wrench to fit around the head of the bolt. P
We further reconsider the plan, adding thle new constraints, removing those parts
that were dependent upon being able to use the socket wrench (none, in this case).
The next idea is to use a different kind of wrench, but this will not work either,
again because of the insufficient clearance. We need to be able to grasp one of the.

nut and bolt securely and turn the other. We can hold the bolt and turn the nut. S 0
Several ways are available, imost obviously using a needleriose plier to secure the
bolt.

8. Conclusion
L%.

V Since Robotics is the connection of perception to action, Artificial Intelligence
must have a central role in Robotics if the connection is to be intelligent. We have
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